Information technology depends on how one can control and manipulate signals accurately and quickly. Transistors are at the core of modern technology and are based on electron charges. But as the device dimension shrinks, heating becomes a major problem. The spintronics explores the spin degree of electrons and thus bypasses the heat, at least in principle. For this reason, spin-based technology offers a possible solution. In this review, we survey some of latest developments in all-optical switching (AOS), where ultrafast laser pulses are able to reverse spins from one direction to the other deterministically. But AOS only occurs in a special group of magnetic samples and within a narrow window of laser parameters. Some samples need multiple pulses to switch spins, while others need a single-shot pulse. To this end, there are several models available, but the underlying mechanism is still under debate. This review is different from other prior reviews in two aspects. First, we sacrifice the completeness of reviewing existing studies, while focusing on a limited set of experimental results that are highly reproducible in different labs and provide actual switched magnetic domain images. Second, we extract the common features from existing experiments that are critical to AOS, without favoring a particular switching mechanism. We emphasize that given the limited experimental data, it is really premature to identify a unified mechanism. We compare these features with our own model prediction, without resorting to a phenomenological scheme. We hope that this review serves the broad readership well.
Introduction
Computing technology demands high-speed operation and miniaturization of computing bits. 1 It is remarkable that the computer clock frequency has improved steadily for the last decade, but then has plateaued around 2005, because the simple constant-electric field scaling rules break down. 2 Both technical constraints (physics) and cost constraints (economics) are responsible for the clock frequency plateau. 2 In the constant-field scaling, the threshold voltage must be reduced as the clock frequency increases, but this very reduction results in increase in OFF current, which is unacceptable to maintain a high ON/OFF current ratio. The second problem is associated with the gate insulator thickness reduction, which increases gate current leakage. A way out of this is to use the constant voltage scaling. But it comes with an huge increase in areal power density. So this is unsustainable. 2 To meet the insatiable demand on computing technology, one must pursue other means.
All-optical spin switching (AOS) 3 combines the speed 4 that an ultrafast laser pulse delivers and the powerful storage capability that existing magnetic media offer, yet free of a magnetic field. It is still at the early stage of development, but results are promising. Figure 1 schematically shows several possible switching channels. In general, AOS can be classified into two broad categories, depending on how the helicity affects AOS and how many laser pulses are needed to switch spins, respectively. The first category refers to the helicity-dependent all-optical switching, HD-AOS, where the right-circularly polarized light (σ + ) switches a spin from up to down, while the left-circularly polarized light (σ − ) from down to up. The linearly polarized light (π) only creates multidomains, with mixed up and down spins. By contrast, in the helicity-independent all-optical switching, HID-AOS, σ + , σ + and π all switch spins. This is in contrast to ordinary thermomagnetic switching due to local laser heating and dipolar interactions, where it only leads to a one-time reversal without switching back the spins. 5 Besides the above elementary operations, AOS is found highly laser-and material-specific, where often one finds that spins in the same type of materials are both switched optically and electrically. A large fraction of AOS materials require multiple pulses to switch spins. So far, only four types of materials -GdFeCo, 6 Pt/Co/Gd, 7 Co/Pt/Co/GdFeCo, 8 and Pt/Co/Pt 9 -allow a single shot switching (see Fig. 1 ). They are among the most promising materials to be used in the future, and they can create tunable topological magnetic structures such as Skyrmions. 10 There are several excellent review articles available. Kirilyuk and coworkers 11 reviewed the status of the field before 2010, which is quite comprehensive and includes other branches of femtomagnetism. 12 Two newer reviews 13,14 cover major parts of prior research in this field. Our current review does not aim to be comprehensive, so we regret that many excellent references can not be cited. The review instead complements the prior reviews by focusing on highly reproducible experiments where magnetic domain images are taken. As research is ongoing, 15 we Fig. 1 . Overview of all-optical spin switching. Based on the laser helicity, one can distinguish two major kinds of AOS: One is helicity-dependent and the other is helicity-independent. Based on the number of pulses used in switching, there are single-shot and multiple-shot switchings.
consider our review as an alternative to the existing understanding of AOS.
The rest of the paper is arranged as follows. In Sec. II, we briefly review the history of AOS 3 but focus on those specific materials that allow AOS. These materials are provided in a table for the reader, with hope to find a common feature among all AOS materials. Section III is devoted to the role of the spin moment and spin configuration in AOS, where we discuss how materials do not switch, impact of reduced dimensionality, a practical method of extraction of spin angular momentum from experimental data, and dynamical simulation. In Sec. IV, we present a simple theory for all-optical switching, where we connect the inverse Faraday theory with our model and first-principles results. Section V highlights the significance of orbital angular momentum on perpendicular magnetic anisotropy and AOS. Section VI is based on the latest experimental results in single-shot AOS ferromagnets. Finally, we conclude this paper in Sec. VII.
Discovery of AOS
In 2007, Stanciu and coworkers 3 discovered that exposing a ferrimagnet Gd 22 Fe 74.6 Co 3.4 to a 40-fs 800-nm laser pulse creates a permanent spin reversal. The images of magnetic domains, before and after laser excitation, record the re-markable switching. The right-circularly polarized light (σ + ) switches the down domain to the up domain. If the magnetic domain is already up, then there is no effect on the domain. The left-circularly polarized light (σ − ) switches the up domain to down domain and has no effect on the down domain. If a domain is exposed to linearly polarized light (π), it does not switch, but instead breaks the original domain into smaller domains randomly oriented up or down. Its broad appeal to both materials scientists, and optical and electric engineers is almost immediate and results in plenty of experimental investigations.
For a long time, ferrimagnetic rare-earth transition metal alloys 3,16 have remained the only material showing AOS. This led some researchers to speculate the crucial role of antiferromagnetic orders between the rare-earth and transition-metal sublattices. By contrast, many antiferromagnetic materials, such as TmFeO 3 17 and DyFeO 3 , 18 which have a "correct" coupling, do not switch their spins permanently; instead, they only reorient their spins. To get a glimpse of the hot debates among different research groups, in Table 1 we list 31 most intensively investigated AOS compounds, together with 4 non-AOS compounds (first four entries). We also list magnetic orderings, underlying mechanisms proposed or disproved (the entries with slanted lines), and whether the switching is HD-AOS or HID-AOS. Unfortunately, not all the studies have discussed the underlying mechanism, so we leave them blank. In some cases, several mechanisms are proposed, but we only choose one or two. The acronyms are explained in the caption of the table. These 4 non-AOS compounds are used as a counter-example that antiferromagnetic ordering and the inverse-Faraday effect may not be enough for AOS. All 31 AOS compounds have actual magnetic domain images taken before and after laser exposure. We specifically avoid materials that only one or two groups are familiar with. This table is particularly important. Several common themes appear and can be summarized as follows: These nanoparticles have a diameter of about 50 nm, and the center-to-center distance is 100 nm. They shined a 50-fs and 800-nm laser pulse on to the samples. They found that upon laser excitation, the field-free Faraday rotation angle in Fe nanoarrays is sharply reduced, (see Fig. 2 ). It may appear that the sample simply demagnetizes. However, this is not the whole story. At 0 fs, the hysteresis loop has a normal rectangular shape, but around 15 fs, the signal at zero field is stronger than at nonzero field. This indicates that the spin, under joint effects of the laser field and applied magnetic field, deviates from its original direction. One sees that a diamond shape is completely formed around 55 fs (see Fig. 2 ), regardless of whether they employ σ + , σ + , or π pulses. 41 After 150 fs, the normal rectangular shape is restored. This shows that besides the demagnetization, the spin also cants out of the sample surface, but spin switching is not observed.
In the experiment, the pump incident to the sample has fluence of 25µJ/cm 2 . The probe pulse is incident at 35
• with respect to the sample normal. The pump fluence has to be kept low to cant spins; if the pump fluence is higher, it only demagnetizes the sample without spin canting. This shows that spin canting needs much less energy. To explain this spin canting, we employ a simple theory restricted to a single site as outlined previously, 42 which will be explained in detail below. The model includes the kinetic and potential energy terms, both of which are expressed The simulation uses the same laser parameters as the experimental ones, and has a single fitting parameter for the recovery of the spin. The static magnetic field and laser field directions are shown in the inset of Fig. 2 . The solid line shown in Fig. 2 is our theoretical result. One can see that the theory matches the experimental results quite well. The theory shows that the spin cants out of plane and oscillates within the xy plane. 41 This is the first experimental verification of the model, 42 which is beyond the semiempirical model. 6 Our model further shows that regardless of spin configuration, the spin switching is not observed for in-plane magnetic anisotropy in this system. The reason is because the in-plane anisotropy is unfavorable to AOS and the spin angular momentum is too small. 44 In fact, AOS was never found in any of three 3d element ferromagnets, Ni, Fe and Co, and 4f rare earth magnets, Gd and Tb. In these materials, even spin canting by light is rare, though canting can be induced magnetically. 45 Ren's study reveals an important fact that the dimensionality matters. In Ni thin films, only demagnetization is observed. 4 Another piece of information from Ren's work is that those nanoarrays all have in-plane magnetic anisotropy, in contrast to all the compounds listed in Table 1 which have perpendicular magnetic anisotropy (PMA). So, the next question is what the reduced dimensionality and PMA imply microscopically.
Impact of thickness and reduced dimension
One obvious answer is that the reduced dimensionality strengthens the perpendicular magnetic anisotropy. But this can not be the only reason for AOS, since many magnetic thin films have PMA and many do not switch spins under laser excitation. We choose two sets of experimental data from two independent groups. One is from El Hadri et al. 46 and the other is from Hebler et al. 36 They used two different samples, Tb x Co 100−x and Tb x Fe 100−x , respectively, with various thicknesses. We caution that when the thickness is thin, the nominal thickness may differ from the actual thickness. We see the thickness as a good gauge to test the effect of the dimensionality on AOS, so we plot the thin film thickness with the composition, where AOS or thermal demagnetization (TD) is observed. Figure 3 (a) shows that AOS occurs in very thin films. If the composition of Tb (x) is smaller, the window of thickness for AOS is narrower. As x increases, the window of thickness gets wider. The AOS-allowable thickness reaches 20 nm if x increases to 30%. x can not increase forever, since the composition of Co becomes too low to switch spins. This is probably the reason behind the peak in Fig. 3(a) . A direct consequence of x is that it affects the effective spin moment for each element. If this is true, we should expect that Tb x Fe 100−x allows a thicker sample for AOS. Figure 3 (b) shows that it is indeed true that for a similar composition x around 30% in Tb x Fe 100−x , the maximum thickness reaches 28 nm, while in Tb x Co 100−x , it is only 20 nm. According to Albrecht, 47 for a Tb content of about 28%, AOS is even possible for TbFe films at least as thick as 85 nm, the maximal thickness investigated. These two results seem to suggest that there is a minimum spin angular momentum which each element in these two compounds has to exceed before AOS can occur. The reduced thickness facilitates a boost of the spin moment. However, these two experimental results are not enough to make a definitive conclusion. Naturally, reduced dimensionality also affects other properties. For instance, Yuan et al. 48 showed that in Co/Pt multilayers the demagnetization field inversely depends on cobalt thickness.
Extracting spin angular momenta from real materials
Let us to find how large the spin angular momenta are in real samples. To extract spin moments from each element of a complex amorphous sample is highly nontrivial. Nearly all the experiments give magnetization, not spin moment. A change from magnetization to spin moment needs the volume of a sample, which is rarely given. Added to the complication is magnetization in the unit of kA/m or emu/cc (electromagnetic unit cubic centimeter). In 2016, we found a method 43 which is not perfect but works reasonably well. However, the scheme was never published formally, but it was posted on Arxiv.org. 49 Interestingly, a similar method was used by others. 50 The following material is adopted from the post with minor changes. What we do is to replace the sample volume by the unit cell volume. The unit cell of an amorphous sample is approximated by the unit cells of element constituents. Then, we use the same proportional relation to compute the spin moments of each constituent. To show how this works, we consider a rare-earth-transition metal alloy, R x T 1−x , where R stands for Tb or Gd, and T stands for Fe. We ignore Co since its concentration is too low. We first compute the effective volume
where V R and V T are the supercell volumes of the pure elements R and T, respectively. Tb has a hcp structure, with the lattice constants a = 3.601Å and c = 5.6936Å; Fe has a bcc structure with a = 2.8665Å. Then we multiply the magnetization m for a particular element by V ef f to get the effective spin moment for the alloy, i.e., M ef f = mV ef f . Since M ef f is in the units of [Am 2 ], we convert it to the Bohr magneton µ B , with the conversion factor of 0.10783 × 10 −3 (i. e., 10 −3 /9.274). Szpunar and Kozarzewski 51 carried out extensive calculations on transitionmetal and rare-earth intermetallic compounds by comparing their results with the experimental ones, and concluded that it is reasonable to assume that the average magnetic moments of the transition metals and of the rare earth metals are roughly independent of structures. Hansen and Witter 5 specifically tested the linear relationship between the uniaxial anisotropy constant K u measured by the torque method and the Tb content and found the single-ion contribution of the terbium atom, so the TbFe alloy has K u (Temp) = xK
where Temp is temperature. In the same spirit, we approximate the effective spin moment M ef f as
where M R and M T are the spin moments of pure R and T, respectively. Here the last equation defines the effective spin moment for R and T. However, this single equation is not enough to compute M R and M T since there are two unknowns for a single equation. The trick is that we use two sets of compositions, x 1 and x 2 , so we have two equations,
where
ef f . Here again we rely on the assumptions that M R and M T do not change much with composition change from x 1 to x 2 . When we choose x 1 and x 2 , we are always careful whether M R or M T changes sign, since experimentally the reported values are the absolute values. In addition, it is always better to choose those x 1 and x 2 which have the same sign of M R and M T . Choosing several different pairs of (x 1 , x 2 ) is crucial for a reliable result. Solving the above two equations, we can find M R and M T .
Before we compute the spin angular momentum, we check whether the computed spin moments M R and M T (in the units of µ B ) are close to their respective values of each pure element, i.e., M
Our method works better for Gd alloys than Tb alloys, since the former has nearly zero orbital angular momentum but the latter has a nonzero orbital angular momentum. For Gd and Fe, the orbital momentum is largely quenched. Assuming that the Lande g-factor is 2, we divide the spin moments M R and M T by 2 to get the spin angular momenta S R and S T in the unit of . To get the effective spin angular momentum, we multiply S R and S T with x and 1 − x, respectively, i.e.,
It is these two effective spin angular momenta to which we apply our minimum spin angular momentum criterion (see below for details). For Tb, our results have an uncertainty since its orbital angular momentum in its alloys is unknown, although its orbital angular momentum in pure Tb metal is 3.03 . Table 2 shows the orbital-free spin angular momentum for 11 alloys, where we adopt a simple cubic structure for Fe since it matches the experimental values better. There are multiple rows of spin angular momenta for the same materials because there are several possible pairs of (x 1 , x 2 ) for Eq. (4) Table 2 shows that each constituent has a sizable spin within AOS-allowed x that is above 0.8 as shown next. 
Dynamical simulation
Different from the magnetic field-driven spin reversal, AOS relies on a laser field to flip spin from one direction to another. However, to describe such a process has been a big challenge. Most simulations have been phenomenological, 6 where laser fields are treated as an effective magnetic field. 13 Ostler et al. 6 and Mentink et al. 53 showed that in GdFeCo, HID-AOS and HD-AOS depend on the laser intensity (electric field squared), not the field helicity. As shown in our recent study, 54 caution must be taken if the system has two spin sublattices. Because the laser field is only active for one sublattice, two sublattices are present and they separately allow the laser field of either helicity to switch spin, so the final results appear to the reader that AOS only depends on the laser intensity. If one only has one spin orientation such as in CoPt ultrathin films, the impact of the laser field, not just the laser intensity, appears.
In our view, the key to AOS theory is to include the microscopic interaction between laser pulses and systems. In 2016, we introduced a new formalism that couples laser excitation to spin through spin-orbit coupling, while the spin-spin interaction is described by the Heisenberg exchange Hamiltonian, and electrons move inside a harmonic potential. 42 This model, though simple, overcomes traditional difficulties that laser excitation and spin dynamics are treated as two separate entities. Specifically, the Hamiltonian is 42,43
The summation is over all the lattice sites. Here, the first term is the kinetic energy operator of the electron; the second term is the harmonic potential energy operator with system frequency Ω; λ is the spin-orbit coupling in units of eV/ 2 ; L and S are the orbital and spin angular momenta in units of , respectively; and p and r are the momentum and position operators of the electron, respectively. Note that L is computed from L = r × p, and there is no need to set up a different equation for it. The last term is the exchange interaction, and J ex is the exchange integral in units of eV/ 2 . Such a Hamiltonian contains the necessary ingredients for AOS. To our knowledge, this is the only model that can generate spin reversal without introducing a semiempirical effective magnetic field.
To demonstrate the power of this model, Figure 4 (a) shows the theoretical result for the switchability η as a function of spin angular momentum S z in a ferromagnetic slab for two radii of the laser radiation: one is the uniform radiation over the entire sample, and the other is half the uniform radius. 43 The spin switchability is defined as η = What is even more interesting is that when we reduce the laser spot size, the switch becomes more difficult. It is truly gratifying that we predicted this result before the latest experimental results were reported. 9 We want to make connection with the above found spin angular momentum. Figure 4 (b) shows a comparison with all 11 rare-earth transition-metal ferrimagnets. These ferrimagnets show AOS. It is remarkable that all the elements have spin angular momenta exceeding the threshold value of 0.8 . To understand the window of concentration x, Figure 5 plots the spin moment as a function of the Gd concentration x. Two horizontal dashed lines set the spin threshold for each element. The rectangular box delineates the window for all-optical switching. The agreement between experiment and theory gives confidence that the model works reasonably well.
Simple Theory for All-Optical Switching
Despite a decade of investigation, our understanding is still very limited. As discussed above, the majority of theoretical research has been phenomenological. 13 This calls for a systematic experimental investigation by tuning both system-and laser-specific parameters. Before one can pin down the origin of AOS, it is necessary to develop a many-to-one correspondence between the proposed mechanisms (see Table 1 ) and more fundamental interactions. However, the majority of the proposed mechanisms are very difficult to attribute to a single interaction. We speculate that the requirement of compensation points can be mapped to the requirement of a sizable spin moment, while the domain size criterion could be a result associated with radiation size as shown in our recent study 56 existing theory developed for a nonabsorbing medium. 57 According to Shen, 58 the optical field-induced magnetization is
where H 0 is the static magnetic field and χ xy is the susceptibility. Interestingly, this expression is different from the commonly used one with the field product E × E. Note that Shen considered a nonabsorbing medium. Here E + and E − are (E x −iE y )/ √ 2 and (E x +iE y )/ √ 2, respectively. 57 For linearly polarized light, E + = E − , so ∆M F = 0; for circularly polarized light, ∆M F is nonzero and changes signs from the left-circularly polarized light to the right one. χ xy 's frequency dependence is not considered. 57 To apply the above equation to an absorbing material, we use our susceptibility 42,13 for a single site. Our model 42 does not have an external field, but has a spin-orbit coupling (see Eq. (7)), so the spin angular momentum plays the same role as the magnetic field. Note that in the SI unit system, the linear xy has no unit. We take the derivative of χ
xy with respect to S z . χ (1) xy has S z in its numerator and denominator, so the derivative is complicated. For simplicity, we only include the derivative from the numerator. We have the magnetization change
where λ is the spin-orbit coupling and S z is the spin angular momentum. Other variables can be found in our prior paper. 42 This relation highlights the importance of the spin-orbit coupling and reveals how circularly polarized light may affect spins.
The above results are reproduced in our first-principles calculation. We carry out a lengthy calculation using the time-dependent Liouville density functional theory 56 for both bulk fcc Ni and monolayer Ni. We employ both σ + and σ − . We choose a 60-fs laser pulse with photon energy 2 eV and vector potential amplitude 0.009Vfs/Å. Figure 6(a) shows that the laser helicity does affect the spin moment change. 15 We see that σ + can demagnetize Ni more than σ − . In the simulation, we adopt a simple cubic structure for fcc Ni, so there are four Ni atoms in our cell. Figure 6(b) shows the results for a Ni(001) monolayer for three sets of laser parameters, labeled by I, II and III. For I, we use τ = 48 fs, ω = 1.6 eV and A 0 = 0.0030Vfs/Å. We see that under such a weak laser pulse the demagnetization is very small. However, the difference in spin moment between σ + and σ − excitation is also visible. Set II shows an increase in the laser field amplitude to τ = 48 fs, ω = 1.6 eV and A 0 = 0.030Vfs/Å. We find that different helicity induces different demagnetization. Even the demagnetization time is different, 27 fs for σ + and 84 fs for σ − . It is not always true that one kind of helicity dominates all the time. We also investigate how the photon energy affects the demagnetization. We decrease the photon energy to set III with the laser parameters τ = 48 fs, ω = 1.55 eV and A 0 = 0.030Vfs/Å. Figure 6(b) shows that in comparison with set II, the monolayer demagnetizes more for the same laser helicity as we decrease the photon energy. In addition, there is a strong oscillation in the spin moment. In this case, σ + induces a more pronounced change.
While the above analytic and numerical results are insightful in themselves, they miss some crucial experimental and numerical findings. For instance, numerically we find that linearly polarized light can switch spins as well if the laser field amplitude becomes stronger, 42,43 but Eq. (9) gives zero for linearly polarized light. This highlights that this analytic expression, which is obtained under perturbation theory, does not catch the actual spin reversal completely. Our first-principles result only shows the demagnetization, not switching. The only way that we can get true spin reversal is to use the Hamiltonian of Eq. (7). We find that the actual switching may result from the spin-orbit torque, 13
where L is the orbital angular momentum. This was first tested by Ren et al.
experimentally. 41
Recently we constructed a phase diagram, which is reproduced in Fig. 7 . 54 We suggest that all the AOS materials should be classified into three categories: ferromagnetic, weak and strong ferrimagnetic. In both ferromagnets and weak ferrimagnets, only one spin orientation is present or dominant, and switching is helicitydependent. For strong ferrimagnets, since both sublattices have a strong magnetic moment, circularly polarized light with different helicities can switch spins. This is potentially useful for future device design.
Importance of Perpendicular Magnetic Anisotropy: Emergence of Orbital Angular Momentum
From the above discussion, it should be clear that one needs a large spin moment for each constituent in a compound in order to switch spins optically. However, if this is the sole criterion, then the strongest man-made magnet Nd 2 Fe 14 B would be the best candidate for AOS. However, this does not happen. One crucial element among all the six common themes is perpendicular magnetic anisotropy (PMA). We decide to first examine the universal presence of perpendicular magnetic anisotropy (PMA) in nearly all the AOS materials. From our prior investigation, 44 we find that PMA has an unparalleled advantage over other spin configurations. The presence of PMA demands a nonzero orbital angular momentum. It is well known that in thin films, the surface contribution, which favors PMA, becomes larger. However, in solids the orbital angular momentum is largely quenched by the crystal field. This statement is based on the symmetry argument. If two spherical harmonics Y lm and Y lm in a Bloch state have the same weight, then the summation of the orbital angular momentum expectation value Y lm |l z |Y lm + Y lm |l z |Y lm is zero, where l z is the orbital angular momentum operator along the z axis. With the presence of spin-orbit coupling, the equivalency of the two harmonics breaks down. The level of breakdown depends on the strength of the spin-orbit coupling. If we go back to Table 1 , we notice that rare-earth and 5d elements are present in all the materials. They are known for their strong spin-orbit coupling. This implies a sizable orbital momentum present in those compounds.
However, one often argues that since Gd atom has a half-filled 4f shell, its orbital angular momentum is zero. However, this is no longer the case in solids. Even in pure bulk Gd, the orbital momentum is nonzero. We found 54 that hcp Gd has (0.00002, - 0.00006, 0.12166)µ B , which is larger than that in Ni. Only if we include the Hubbard U term, can we quench it to nearly zero (-0.00006 0.00007, 0.01716)µ B , where we use U = 0.4926Ry and J = 0.051Ry. These +U treatments rectify correlation effects in the ground state and do not change spin moments (compare 7.55298µ B with +U with 7.44249µ B without +U ), but worsen other properties, in particular excitation processes, as shown recently. 54 The orbital angular momentum is one of those properties for which the GGA+U treatment does not work. Jang et al. 59 recently demonstrated the existence of orbital ordering in GdB 4 . Gd loses three 5d electrons to B, so it becomes Gd 3+ with its 4f orbital half-filled. They found the orbital order is strongly coupled with the antiferromagnetic spin order. This matches the scenario in GdFeCo, where antiferromagnetic ordering is also present. Therefore, there is no contradiction regarding the importance of orbital angular momentum and the presence of spin-orbit coupling.
Different from the ground-state property, the orbital angular momentum can be enhanced during laser excitation, during which the laser helicity information is encoded. In other words, the electron orbital angular momentum stores the helicity information. This information can not be easily erased because the coupling between electron and lattice subsystems is through energy exchange. The lattice orbital angular momentum change, i.e., the lattice displacement ∆R lattice × the lattice momentum P lattice , is tiny, because ∆R lattice and P lattice are mostly along the same direction. In fact, in a one-dimensional system, the orbital angular momentum of the lattice is always zero, since the position and momentum of the lattice are always in the same or in opposite directions. Caution must be taken for 2-and 3-dimensional systems when one tries to define the angular momentum for a lattice. The orbital angular momentum of an atom depends on the reference point and, if not treated properly, it becomes ambiguous.
In Fig. 8 , we show an example, where we treat the motion of atoms classically. Suppose that the equilibrium position of an atom in a square lattice is at A. It linearly moves to B with a certain velocity. Such a linear motion should have zero angular momentum. However, if we choose a reference point at O, then the angular momentum is nonzero. If we choose O ′ as the reference point, then the angular momentum changes sign. Besides, in general, atoms in a lattice experience a crystal potential that is translationally invariant, and do not orbit. This is different from molecular crystals, such as C 60 solids, where C 60 spins rapidly at room temperature. For this reason, the traditional solid state theory does not invoke the orbital angular momentum transfer between electrons and lattices. The electron-phonon interaction relies on the energy transfer, where the phonon frequency is renormalized.
Path to Single-Shot Switching in Ferromagnets
Up to now, single-shot spin switching is dominated by a single material, ferrimagnet GdFeCo, which can be driven optically or electrically. 60 Many newly discovered materials 30 do not have this property. This will certainly limit future applications, as the majority of materials used for magnetic storage are ferromagnetic. Fortunately, recent studies show there are at least three experiments 7,8,9 that allow single-shot switching in ferromagnets. Two of them still rely on Gd and GdFeCo, which will be called rare-earth-assisted ferromagnets, or RE-parenting ferromag-nets. Only one is independent, an adult-ferromagnet. All of the samples are Co/Pt ultrathin layers. While it is really premature to make sense out of a limited set of data, we wonder what makes Co/Pt so unique in this aspect. It is also interesting to note that the same material is used for spin transport. 61 These experiments do not provide the detailed structure characterization and magnetic properties, except that all of them are found to have PMA. Figure 9 (a) plots the thickness of a Co layer versus that of a Pt layer. We notice again that these films are extremely thin, so the surface contribution dominates. We caution again that within such a thickness, the nominal thickness may differ from the actual one. There is no clear trend among those three experiments. But it is known that the reduced dimensionality and imperfections affect PMA greatly. 62 The interfacial effects affect magnetic relaxations in Co/Pt multilayers. 48 In addition, very large domain wall velocities were found. 63 Atoms across the interface may segregate into different regions in nanoparticles. 64 The presence of PMA further indicates the presence of orbital angular momentum. 65 It also matters that the arrangement of atoms across the interface affects the magnetic properties. One can see this from the experiments too. Figure 9 (b) plots the thickness ratio versus the Co layer thickness. The data of Vomir et al. 9 has the smallest ratio. We wonder whether this makes their sample as the only one sample for a single-shot AOS. In addition, the fact that Vomir et al. 9 obtained AOS at a much longer time indicates the damping of magnetization must be very small. This matches our expectation. Since the spinorbit torque and spin damping result from the same spin-orbit coupling, a reduced spin-orbit coupling must have a longer switching time. Recent theoretical studies at Co/Pt interfaces reveal additional information about the Dzyaloshinskii-Moriya interaction at disordered interfaces. 66
Conclusions
It is an exciting time to investigate all-optical spin switching. Progress has been very impressive. It is generally agreed that the microscopic picture of AOS is complex. AOS becomes strongly material-dependent, but what material's properties the actual dependence depends on is unclear. There are many cases where opposite situations appear simultaneously. Therefore, how to unify different fractions of underlying mechanisms has dominated much of the latest research. Yet, the theory is mostly phenomenological and far from perfect. The irony is that if one carries out a first-principles calculation for a ferromagnet, the effective switching field is tiny, and the laser simply can not switch spins. A stronger laser only demagnetizes a sample, but does not switch the spin direction. The origin of the theoretical failure is also unknown. There is a great need to construct a minimal model, without introducing an effective magnetic field, to simulate AOS. This could be helpful to understand how magnetic domains affect the switching. What we miss is the structure characterization of samples. We believe with additional experimental and theoretical investigations that AOS can be put into practical usage. 67,68 
